I. INTRODUCTION
NSULATORS play a significant role in overhead transmission lines and substations [1] . Faults on insulators caused by lightning, pollution and contamination influence the efficiency of transmission lines [2] . Elevated leakage current (LC) levels on insulators may be indicative of inferior contamination performance of an insulator string, which may lead to faults, such as flashover [3] , [4] , [5] . This is especially relevant along coastal areas. Studying LC in real-time can be used as an early warning tool against line faults caused by insulators, as well as classifying safe and unsafe working conditions for the power utilities' live line workers. LC can also be used to classify stages leading up to flashover; Li et al. divide the buildup of LC into a security stage, forecast stage and danger stage [6] . Roman et al. discusses the benefits of monitoring insulator LC in detail [7] . This paper reports on the LC measurement obtained over a 6-month period on the Cahora Bassa high voltage direct current (HVDC) transmission line at the Apollo converter station in Gauteng, South Africa, which is rated at ± 533 kV. This deepens our understanding of LC behaviour on insulators under HVDC conditions, at least at high altitudes, since published data of LC levels on in-service HVDC transmission line insulators are limited. Laboratory pollution flashover experiments for HVDC insulators do state that there is a higher probability of flashover occurrence at higher altitudes compared to that at sea level [10] , [11] , [12] . In this paper, the LC of a composite and glass string, configured in an inverted-V, has been measured with shunt resistors.
II. LEAKAGE CURRENT ON INSULATORS
Dry-band arcs and possible flashover on insulators are exacerbated by light rain and high humidity conditions [13] , [14] , [15] . Werneck et al. states the conditions that lead to flashover [16] :  Pollutants settle on the surface of the insulator;  These deposits combine with moisture caused by light rain, fog, mist or dew and form a conductive layer on the insulator's surface;  LC starts to flow;  Partial discharges start occurring on the insulator's surface;  Possible flashover.
A. Types of Insulators
Insulators are made from various materials. For the work presented here, glass (ceramic) and composite (polymeric) insulators are investigated. A composite insulator consists of at least two insulating parts; a fibre glass core and metal end fittings [17] . Benefits of composite insulators, when compared to ceramic insulators, are improved contamination performance, the hydrophobicity of their surfaces and lighter weight [18] . Disadvantages of composite insulators are that they suffer from surface erosion and tracking that may lead to insulator failure. On HVDC lines, there is a reluctance to use composite insulators, since there is no IEC standard regarding their use on these lines [18] .
Glass insulators consist of a glass shell that is cemented between an iron cap and steel pin end fittings. Glass insulators have high mechanical strength and operational lifetimes exceeding 50 years, which is advantageous [19] . A disadvantage of glass insulators is their susceptibility to vandalism.
B. Insulator contamination
Contamination of insulator surfaces can be attributed to pollution, dust and ambient salt content [8] . High ambient humidity conditions and contamination of these surfaces, increase the probability and levels of LC activity. Surface tracking is another form of pollution of insulators, where the formation of carbon tracks lead to increased LC. Flashovers are present in both HVAC and HVDC transmission line systems, but in some respect, their responses are fundamentally different. Some of the different responses are listed below [12] , [20] , [21] , [22] , [23] :  The process of contaminant build-up is different, with insulators in HVDC transmission line systems accumulating more pollution than compared to their HVAC counterparts.  There are no current and voltage zeroes in a DC transmission system, which aggravates the flashover problem. Thus, scintillations are more difficult to suppress on HVDC insulators.  An insulator with the same pollution severity will have a lower flashover voltage for DC than AC.
C. LC monitoring on HVAC insulators
LC monitoring on HVAC transmission line insulators has been covered extensively in literature. Zachariades et al. performed LC measurements on two composite insulating cross arms energised at 231 kV [9] . Meyer et al. monitored 25 kV ceramic post line insulators in urban and rural areas. LC was collected by a metal ring and fed to a shunt resistor [14] . Werneck et al. used a fibre optic sensor for real-time composite insulator LC monitoring on a 500 kV line [16] . Sierra et al. measured LC on a 220 kV ceramic insulator using a current transformer (CT) [24] . Oliviera et al. used a fibre optic sensor on a 230 kV tower, 500 kV and 230 kV substation for insulator LC monitoring [25] . All of the authors measured the LC against climatic conditions, especially humidity. It was found that high humidity levels increase LC activity.
D. LC monitoring on HVDC insulators
Little information is available in literature on the behaviour of LC on HVDC transmission insulators, and the methods to perform in-situ LC measurements on energised insulators in the field. Furthermore, some conventional methods used in measuring LC in HVAC systems, such as a current transformer, are unsuitable for DC measurements as there are no alternating magnetic fields coupling into the device. A resistive shunt and an online leakage current analyser (OLCA) can detect AC and DC LC. With an OLCA, a glass stand-off insulator is normally installed in series at the ground-end of the insulator under test [26] , [27] .
The authors have previously shown that magnetic field sensors can be used to detect LC on insulators. The magnetic field sensors used were fluxgate and magnetoresistive magnetometers, which are described in [28] , [29] .
The resistive shunt method is used in this paper.
III. HVDC INSULATOR LC FIELD TESTS

A. Monitoring and analyses method
A glass and composite insulator have been installed on the terminal tower of the Cahora Bassa HVDC transmission line located at the Apollo Converter Station in Johannesburg, South Africa as shown in Fig. 1 . The insulator strings' unified specific creepage distance (USCD) at Apollo is approximately 40 mm/kV and the equivalent salt deposit density (ESDD) at Apollo is 0.03 mg/cm 2 [30] . This setup presents a controlled environment where the composite and glass insulators are on the same inverted-V string and exposed to the same environmental conditions; thus, their LC behaviour can be reliably compared.
A 10 Ω shunt resistor is placed on the composite and glass insulator strings to measure the LC. The measurement setup comprises a data logger, two 12 V batteries, and two solar panels. LC is sampled and logged at 10-second intervals. The ambient climatic data is logged at 6-minute intervals at a station installed less than a kilometre away.
The measured LC datasets have been analysed on a weekly basis against ambient temperature, humidity, dew, rain, and the HVDC line's voltage and current. For analysis purposes, the maximum measured LC and climatic parameters over successive hourly intervals are considered. Most of the data have been collected in the spring-summer season (Southern Hemisphere), which is the rainy season.
B. LC activity over six-month period
LC has been measured over a six-month period starting from August 2016 to February 2017. Due to the huge amount of data, this paper only presents certain weeks where increased LC activity has been observed. 
1) August 3
rd -9 th : Fig. 2 shows the LC activity from the 3 rd to the 9 th of August with its corresponding HVDC line current and voltage. The weather conditions for the same period are presented in Fig. 3 . It is evident that LC for both the glass and composite insulators behave similarly, except under high humidity conditions. The nominal LC varies between 20 µA and 60 µA under low humidity conditions, which are well within the acceptable range for good performing insulators as discussed in Ferreira et al. [9] . On the 9 th of August, the LC rises above 5 mA in high humidity conditions on the glass insulator. The line current and voltage fluctuations do not influence the nominal LC levels. This is an observation that applies throughout the 6-month field test. Between the 4 th and 5 th of August, LC was present but no line voltage and current data were available from Apollo.
2) September 14
th -20 th Fig. 4 shows the LC activity from the 14 th to the 20 th of September with its corresponding HVDC line current and voltage. Fig. 5 shows the weather conditions for the same period. On the 18 th of September, the ambient temperature was at its lowest for the week, humidity was above 90% and rain was present. These conditions have given rise to an increase in LC of just over 0.6 mA on the glass insulator with the commencement of rain. However, during the same timeframe, the composite insulator experienced even lower than usual LC, behaving completely opposite to the glass insulator. This can be ascribed to the composite insulator exhibiting its hydrophobicity properties. 6 shows the LC activity between the 7 th and 13 th of November with its corresponding HVDC line current and voltage. Fig. 7 shows the weather conditions for the same period. On the 9 th of November, when high rainfall commenced, the LC on the glass insulator increased. Incidentally, during this week and especially on the 9 th of November, flash floods occurred in Johannesburg [31] , which lead to the high rainfall measured. Fig. 9 shows the weather conditions for the same period. On the 10 th of December, when rainfall commenced, an increase in LC was observed on the glass insulator. No elevated LC activity was seen on the composite insulator during the same timeframe.
5) December 29
th -January 4 th Fig. 10 shows the LC activity between the 29 th of December -4 th of January. Fig. 11 shows the weather conditions for the same period. During the evening, on the 3 rd of January, increased LC was observed on the glass insulator. This increase coincided again with the commencement of rainfall and high humidity. No increased LC behaviour was observed on the composite insulator.
During the measurement period it was observed that increased LC activity normally takes place late evening to early morning when temperature is at its lowest and humidity at its highest. This is in agreement with the HVAC insulator LC measurements performed in [9] , [14] , [15] , [16] . Pigini et al. performed a statistical evaluation of the polluted performance of composite and glass insulators under DC stress [20] . It was observed that the risk of flashover for a 40 mm/kV insulator string with an ESDD of 0.05 mg/cm 2 was less than 1%. This agrees well with the low LC levels seen on the Cahora Bassa line. Literature mentions that the composite insulators have superior performance over glass insulators under DC energisation, which was also observed in this paper [11] , [12] , [23] , [32] .
C. Effect of condensation on LC
Interestingly, under nominal weather conditions of no rain and low humidity, the LC measurements exhibit an almost squarewave behaviour with LC switching between lower and higher values with relatively short transitions on a daily basis. This behaviour cannot be explained directly in terms of the ambient humidity and temperature, as these parameters display more gradual daily temporal cycles. It can also not be ascribed to fluctuations in the line current or voltages, as these have been found to have little or no correlation with the LC behaviour.
This has lead to the investigation of the possible effect of the ambient dew point, and the corresponding occurrence of condensation, on the LC. Fig. 12 shows the composite and glass insulator LC along with the difference between the ambient temperature (T) and dew point temperature (Td) from the 3 rd to the 8 th of August. The 9 th of August has been omitted, as very high humidity conditions were present on the day.
It is evident that as soon as the ambient temperature approaches the dew point temperature (where the likelihood of condensation on the insulators is high), a sharp rise in the nominal LC is triggered. On the other hand, when the difference between the ambient temperature and the dew point temperature is at its highest (where the likelihood of condensation on the insulators is low), the LC falls quickly. Hence, it can be deduced that condensation triggers the sharp daily rise and fall of LC between its nominally low and high values of 20 µA and 60 µA, respectively. A similar trend has been observed throughout the measurement period, although not presented here.
IV. CONCLUSION
Shunt resistors were placed on a composite and glass HVDC insulator string and left in the field for 6 months to conduct insulator LC measurements. During this period, when no rain and relatively low humidity conditions were present, the LC for both the glass and composite insulators behave similarly. High humidity and the onset of rain raise the nominal LC levels on the glass insulator, whereas rain has had the opposite effect on the composite insulator's LC. Condensation on the insulators has been shown to be a primary determinant of the LC levels on the insulators. The line current and voltage fluctuations do not to influence the LC levels. The nominal LC over the 6-month test period varies between 20 µA and 60 µA, which is in agreement with optimally performing insulators. It is recommended to continue the LC measurements to account for seasonal variations and anomalies. This will provide a better understanding of LC activity when seasonal variations are taken into account as well. 
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